Introduction
============

MicroRNAs (miRNAs) are a large class of evolutionarily conserved noncoding RNAs of 18--25 nucleotides in length that negatively regulate genes involved in many fundamental cell processes, including development, differentiation, proliferation, survival, and death.[@b1-ott-8-357] Recent studies have shown that miRNAs play key roles in the initiation and progression of cancer.[@b2-ott-8-357] Deregulation of miRNAs has been reported in various types of human cancers, including lymphoma, colorectal and breast cancer, glioblastoma, lung cancer, papillary thyroid carcinoma, and hepatocellular carcinoma, suggesting it is a hallmark of cancer.[@b3-ott-8-357]--[@b7-ott-8-357] Specific miRNAs have been shown to regulate known oncogenes or tumor suppressor genes, or function as so-called "oncomiRs", or tumor-suppressor miRNAs, by directly targeting other genes involved in cell differentiation, proliferation, invasion, apoptosis, and angiogenesis in various types of cancer.[@b8-ott-8-357]

MiR-153 is proposed as a novel tumor-related miRNA and has been found to be significantly deregulated in tumors.[@b9-ott-8-357] MiR-153 was downregulated in human glioblastoma,[@b10-ott-8-357] oral cancer,[@b11-ott-8-357] breast cancer,[@b12-ott-8-357] and ovarian cancer.[@b13-ott-8-357] MiR-153 induces glioblastoma cell apoptosis by directly targeting antiapoptosis family member B-cell lymphoma 2 (Bcl-2) and myeloid cell leukemia sequence 1 (Mcl-1).[@b10-ott-8-357] Inverse correlations have been observed between miR-153 and SNAI1 and ZEB2 levels in oral cancer patient samples.[@b11-ott-8-357] Furthermore, low expression level of miR-153 was found to be significantly related to metastasis and poor prognosis in oral cancer patients.[@b11-ott-8-357] Downregulation of miR-153 is correlated significantly with advanced clinical stage in ovarian cancer.[@b13-ott-8-357] However, miR-153 was found to be upregulated in colorectal cancer[@b14-ott-8-357] and prostate cancer.[@b15-ott-8-357] Mechanistic investigations indicate that miR-153 promotes invasiveness indirectly by inducing matrix metalloprotease enzyme 9 (MMP9) production, whereas drug resistance is mediated directly by inhibiting the Forkhead transcription factor Fork-head box O3a (FOXO3a).[@b14-ott-8-357] MiR-153 plays an important role in promoting proliferation of human prostate cancer cells and presents a novel mechanism of miRNA-mediated direct suppression of *PTEN* expression in prostate cancer.[@b15-ott-8-357] Therefore, the functional significance of miR-153 in cancer development and progression seem to be cancer type-specific. However, the clinical significance of miR-153 in gastric cancer and its related molecular pathways involved in the development and progression of gastric cancer have not been elucidated.

In other research, epithelial--mesenchymal transition (EMT) was found to be a key process for gastric cancer cell migration and invasion, which resulted in a poor prognosis.[@b16-ott-8-357] MiR-153 is a novel regulator of EMT via targeting of *SNAI1* and *ZEB2*, which indicates its potential therapeutic value for reducing cancer metastasis.[@b11-ott-8-357] All these data promoted us to choose miR-153 for investigation in gastric cancer.

In this study, we demonstrate that reduced expression of miR-153 is observed in the aggressive phenotype of gastric cancer. The low expression of miR-153 is correlated with poor prognostic parameters in gastric cancer. Furthermore, miR-153 is an independent prognostic marker for predicting survival of gastric cancer patients. MiR-153 inhibits gastric cancer cell migration and invasion in vitro. Furthermore, miR-153 is inversely correlated with SNAI1 levels in gastric cancer tissues. MiR-153 suppresses SNAI1-induced EMT in gastric cells. Our results demonstrate that miR-153 potentiates the invasive behavior of gastric cancer cells by inhibiting SNAI1-mediated EMT.

Materials and methods
=====================

Clinical samples and cell lines
-------------------------------

Gastric cancer tissue samples were collected from 80 patients, including 53 males and 27 females, who underwent resection of their primary gastric cancer in the Department of General Surgery at the First Affiliated Hospital of Xi'an Jiaotong University during January 2006 to December 2008, with a median follow-up time of 29.5 months. All samples were used after obtaining informed consent. Patients did not receive preoperative chemotherapy or radiotherapy (clinicopathological data are shown in [Table 1](#t1-ott-8-357){ref-type="table"}). The Xi'an Jiaotong University Ethics Committee approved all protocols, according to the Declaration of Helsinki (as revised in Tokyo 2004).

The human gastric cancer cell lines MKN-45 and SGC-7901 (Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences, Shanghai, People's Republic of China) were cultured in complete Dulbecco's modified Eagle medium (DMEM) (Gibco^®^; Life Technologies Corp, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS) (Gibco; Life Technologies Corp) with 100 units/mL penicillin and 100 μg/mL streptomycin (Sigma-Aldrich Corp, St Louis, MO, USA), in a humidified incubator containing 5% CO~2~, at 37°C.

Real-time quantitative reverse-transcription polymerase chain reaction (qRT-PCR)
--------------------------------------------------------------------------------

Total RNA was isolated from gastric cancer cells using TRIZOL^®^ reagent (Invitrogen^®^; Life Technologies Corp) according to the manufacturer's instructions. Total RNA was reverse-transcribed using a RevertAid™ First Strand cDNA Synthesis Kit (Thermo Fisher Scientific Inc, Waltham, MA, USA) according to the manufacturer's instructions. The PCR amplification for the quantification of the miR-153 and U6 RNA was performed using a TaqMan^®^ MicroRNA Reverse Transcription Kit (Applied Biosystems^®^; Life Technologies Corp) and TaqMan Human MicroRNA Assay Kit (Applied Biosystems; Life Technologies Corp). The relative expression of miR-153 was shown as fold difference relative to U6 RNA.

Immunohistochemical staining
----------------------------

Immunohistochemistry (IHC) was performed on paraform-aldehyde-fixed paraffin sections. SNAI1 (ab117866; Abcam, Cambridge, MA, USA) antibody was used in the IHC with streptavidin peroxidase (SP-IHC) conjugated method. IHC was performed as previously reported.[@b17-ott-8-357]

Cell transfection
-----------------

The MiRNA vectors, including miR-153 expression vector (HmiR0039-MR04), the control vector for miR-153 (CmiR0001-MR04), miR-153 inhibitor (HmiR-AN0214-AM04), and the negative control for the miR-153 inhibitor (CmiR-AN0001-AM04), were purchased from Genecopoeia (Guangzhou, People's Republic of China). Cells were transfected with the aforementioned vectors using Lipofectamine^®^ 2000 according to the manufacturer's instructions (Invitrogen, Life Technologies Corp).

Boyden chamber and Transwell® assays
------------------------------------

Gastric cancer cells were resuspended with reduced serum DMEM medium, and the density was adjusted to 2.5×10^5^/mL. A 200 μL cell suspension was added into the upper chamber, and 750 μL DMEM medium containing 10% FBS was added into the lower chamber. A Boyden chamber assay (Neuro-Probe, Gaithersburg, MD, USA) was used to analyze gastric cancer cell migration, as previously described.[@b18-ott-8-357] Transwell assays were done in six-well plates with Transwell inserts equipped with 8 μm pores (Nalgene™; Thermo Fisher Scientific) coated with Matrigel at 1:6 dilution (BD Biosciences, Franklin Lakes, NJ, USA), as previously described.[@b19-ott-8-357]

Western blot
------------

Total protein was isolated from cells in RIPA lysis buffer on ice. Protein concentration was quantified using a Brad-ford Protein Assay kit (Bio-Rad Laboratories, Hercules, CA, USA). Proteins were boiled before being separated by electrophoresis on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels and transferred onto nitrocellulose membranes (Pall Corp, Port Washington, NY, USA). The following primary antibodies were used in the immunoblotting assays: SNAI1 (ab117866; Abcam), E-cadherin (24E10, number 3195; Cell Signaling, Beverly, MA, USA), vimentin (C-20, sc-7557; Santa Cruz Biotechnology Inc, Dallas, USA, USA), and GAPDH (G8140; US Biological, Swampscott, MA, USA). Horseradish peroxidase--conjugated secondary antibodies (Bio-Rad Laboratories) were used at a 1:1000--1:5000 dilution and detected using Western Blotting Luminol Reagent (sc-2048; Santa Cruz Biotechnology Inc), as described in our previous study.[@b20-ott-8-357]

Statistical analysis
--------------------

Results are expressed as mean ± standard error of the mean (SEM). Significance was established with the SPSS statistical package for Windows Version 13 (SPSS, Chicago, IL, USA) and GraphPad Prism 5 software (GraphPad Software, Inc, San Diego, CA, USA), using a Pearson chi-squared test, a Kaplan--Meier plot, a log-rank test, a Pearson correlation coefficient, or a two-tailed Student's *t*-test when appropriate. Difference were considered significant when *P*\<0.05.

Results
=======

Low expression of miR-153 correlates with aggressive gastric cancer
-------------------------------------------------------------------

We tested the expression of miR-153, by qRT-PCR, and normalized against an endogenous control (U6 RNA), in 80 pairs of tumor tissues (n=80) and matched adjacent nontumor tissues (n=80) from gastric cancer patients who received gastrectomy. The expression level of miR-153 in gastric cancer tissues was significantly lower than that in the matched adjacent nontumor tissues (*P*\<0.001) ([Figure 1A](#f1-ott-8-357){ref-type="fig"}). As compared with gastric cancer tissues without lymph node metastasis, miR-153 levels were prominently downregulated in the tumor tissues with lymph node metastasis (*P*=0.012) ([Figure 1B](#f1-ott-8-357){ref-type="fig"}). Furthermore, miR-153 levels were obviously reduced in tumor tissues with T~1~ (mucosa \[m\], submucosal \[sm\]). infiltration as compared with those in tumor tissues with T~2~--T~4~ (muscularis propria \[mp\], subserosa \[ss\], serosa exposed \[se\], serosa infiltrating \[si\]) (*P*=0.002) ([Figure 1C](#f1-ott-8-357){ref-type="fig"}). Thus, downregulation of miR-153 level was correlated with aggressiveness of gastric cancer.

Clinical significance of miR-153 expression in gastric cancer
-------------------------------------------------------------

The expression of miR-153 was considered as either low (n=40) or high (n=40) according to the cutoff value, which was defined as the median of the cohort. As shown in [Table 1](#t1-ott-8-357){ref-type="table"}, miR-153 was expressed at prominently higher levels in gastric cancer patients with high infiltration depth (*P*=0.014), lymph node metastasis (*P*=0.005), venous infiltration (*P*=0.007), and advanced tumor stage (*P*=0.001). Furthermore, patients with clinical survival information were analyzed by Kaplan--Meier estimation. Tumors with low expression of miR-153 indeed associated with worse overall survival and disease-free survival in gastric cancer patients (*P*=0.002 and *P*=0.005, respectively) ([Figure 2](#f2-ott-8-357){ref-type="fig"}). These data indicate that miR-153 may act as a potent biomarker for predicting prognosis in gastric cancer patients. Furthermore, miR-153 is an independent factor for predicting both 5-year overall and disease-free survival in gastric cancer patients (*P*=0.017 and *P*=0.006, respectively) ([Table 2](#t2-ott-8-357){ref-type="table"}).

MiR-153 inhibits gastric cancer cell migration and invasion
-----------------------------------------------------------

To investigate the role of miR-153 in gastric cancer, miR-153 was ectopically overexpressed in gastric cancer cell line MKN-45. As assessed by qRT-PCR, the expression of miR-153 was significantly upregulated by miR-153 expression plasmids in MKN-45 cells (*P*\<0.001) ([Figure 3A](#f3-ott-8-357){ref-type="fig"}). Boyden chamber assays were performed to test the effect of altering miR-153 levels, on gastric cancer cell migration. We found that upregulation of miR-153 led to a significant reduction of cell migration in MKN-45 cells (*P*\<0.001) ([Figure 3B](#f3-ott-8-357){ref-type="fig"}). Furthermore, as determined by Transwell assays, the number of invaded MKN-45 cells was significantly reduced after upregulation of miR-153 (*P*=0.008) ([Figure 3B](#f3-ott-8-357){ref-type="fig"}). Next, SGC-7901 cells, which showed a significant 3.2-fold elevation of miR-153 expression as compared with MKN-45 cells, were trans-fected with miR-153 inhibitor or negative control. MiR-153 downregulation of SGC-7901 cells was established and confirmed by qRT-PCR (*P*\<0.001) ([Figure 3C](#f3-ott-8-357){ref-type="fig"}). As expected, downregulation of miR-153 obviously promoted SGC-7901 cell migration and invasion (*P*=0.012 and *P*=0.025, respectively) ([Figure 3D](#f3-ott-8-357){ref-type="fig"}). Thus, miR-153 inhibited gastric cancer cell migration and invasion.

MiR-153 may suppress SNAI1-induced EMT in gastric cancer cells
--------------------------------------------------------------

Previous studies reported that miR-153 is a novel regulator of EMT via targeting of *SNAI1* and *ZEB2* in human epithelial cancers.[@b11-ott-8-357] We evaluated the correlation between SNAI1 and miR-153 expression in our gastric cancer tissue samples. The SNAI1 levels in tumors with high miR-153 expression were significantly lower than those in tumors with low miR-153 expression (*P*=0.002) ([Figure 4](#f4-ott-8-357){ref-type="fig"}). Furthermore, Spearman correlation analysis indicated that miR-153 was inversely correlated with SNAI1 expression in gastric cancer (*r*=−0.652) (*P*\<0.001). Next, MKN-45 cells that were transfected with the miR-153 control or miR-153 were subjected to western blot for SNAI1, E-cadherin, and vimentin. As assessed by immunoblotting, upregulation of miR-153 obviously reduced the expression of SNAI1 protein and inhibited EMT, with upregulation of E-cadherin and downregulation of vimentin in MKN-45 cells ([Figure 5](#f5-ott-8-357){ref-type="fig"}). In contrast, downregulation of miR-153 increased the expression of SNAI1 and resulted in reduced expression of E-cadherin and elevated expression of vimentin in SGC-7901 cells ([Figure 5](#f5-ott-8-357){ref-type="fig"}). Taken together, these data indicate that miR-153 suppresses *SNAI1* expression that subsequently inhibits EMT progression in gastric cancer cells.

Discussion
==========

Increasing studies have reported that miRNAs regulated carcinogenesis-related gene expression, indicating a new insight in the initiation and progression of gastric cancer.[@b21-ott-8-357] Recently, miR-153 was identified as a robust biomarker of oral cancer, with high positive predictive value.[@b11-ott-8-357] We initially detected the expression level of miR-153 in 80 samples of gastric cancer tissues and paired adjacent nontumor tissues. Quantification of the data indicated that miR-153 expression in tumor tissues was significantly downregulated as compared with that in the nontumor tissues. Furthermore, miR-153 was expressed at significant lower levels in aggressive tumor than that in nonaggressive tumor. Importantly, our results showed that reduced miR-153 expression was associated with poor prognostic features in gastric cancer. Moreover, miR-153 was an independent prognostic maker for predicting overall and disease-free survival of gastric cancer patients. Altogether, our results indicate that the status of miR-153 is critical for prognosis determination in gastric cancer patients. As shown recently in colorectal cancer, expression studies of tumor samples can be confounded by stromal components of the samples.[@b22-ott-8-357] In our studies, it was unknown whether miR-153 was expressed in stromal cells and at what level, which is a limitation of our studies.

Our gain- and loss-of-function experiments demonstrated that upregulation of miR-153 significantly reduced the number of migrated and invaded MKN-45 cells, and downregulation of miR-153 increased the number of migrated and invaded SGC-7901 cells. EMT, a dynamic and reversible cellular process, is characterized by loss of cell polarity and intracellular junctions, and the acquirement of mesenchymal features, resulting in increased gastric cancer cell migration and invasion.[@b23-ott-8-357] A recent study reported that miR-153 inhibited EMT by targeting *SNAI1* and *ZEB2* in human epithelial cancers.[@b11-ott-8-357] In our study, an inverse correlation between miR-153 and SNAI1 expression was observed in gastric cancer tissues. Furthermore, we investigated the regulatory effect of miR-153 on SNAI1, E-cadherin, and vimentin in vitro. Our data showed that upregulation of miR-153 decreased the levels of SNAI1 and suppressed EMT in MKN-45 cells. Alternately, downregulation of miR-153 increased SNAI1 expression and promoted EMT in SGC-7901 cells. Thus, miR-153 may suppress EMT by inhibiting *SNAI1* expression in gastric cancer.

In conclusion, we found that miR-153 was downregulated in gastric cancer tissues, especially in aggressive tumor tissues. As well, the low expression of miR-153 was correlated with poor prognostic features and short survival in gastric cancer. We demonstrated that miR-153 reduced cell migration and invasion by suppressing SNAI1-induced EMT in gastric cancer cells. Taken together, we consider that miR-153 may potentially act as an oncomiR and may also be a therapeutic target, in gastric cancer.
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![The expression levels of miR-153 in gastric cancer specimens, comparing differences in the expression levels of miR-153 between (**A**) gastric cancer tissues and matched nontumor tissues; (**B**) lymph node metastasis-positive and -negative tumor tissues; and (**C**) tumor tissues with different infiltration depths.\
**Notes:** T~1~: mucosa (m), submucosal (sm); T~2~--T~4~: muscularis propria (mp), subserosa (ss), serosa exposed (se), serosa infiltrating (si).\
**Abbreviations:** LN, lymph node; miR-153, microRNA-153.](ott-8-357Fig1){#f1-ott-8-357}

![Prognostic significance of miR-153 in gastric cancer cases.\
**Notes:** According to the level of miR-153 expression, Kaplan--Meier curves of 5-year overall and disease-free survival of gastric cancer patients showed that low expression of miR-153 was correlated with poor prognosis. The median expression value obtained for miR-153 of the 80 gastric cancer tissue samples detected by qRT-PCR was chosen as the cutoff value.\
**Abbreviations:** miR-153, microRNA-153; qRT-PCR, quantitative reverse-transcription-PCR.](ott-8-357Fig2){#f2-ott-8-357}

![miR-153 reduces migration and invasion of gastric cancer cells. (**A**) MKN-45 cells that were transfected with an miR-153 control and miR-153, respectively, were subjected to qRT-PCR for miR-153 expression. (**B**) Cell migration as measured by Boyden chamber assays was inhibited by upregulation of miR-153 in MKN-45 cells as compared with control cells. The overexpression of MiR-153 in MKN-45 cells conferred a lesser number of invaded cells as compared with control cells. (**C**) SGC-7901 cells that were transfected with negative control and miR-153 inhibitor (anti-miR-153), respectively, were subjected to qRT-PCR for miR-153 expression. (**D**) Downregulation of miR-153 promoted SGC-7901 cell migration and invasion.\
**Note:** Scale bar: 100 μm.\
**Abbreviations:** miR-153, microRNA-153; NC, negative control; qRT-PCR, quantitative reverse-transcription-PCR.](ott-8-357Fig3){#f3-ott-8-357}

![Correlation between miR-153 and SNAI1 in gastric cancer. In cases of low miR-153 expression, there was strong SNAI1 protein expression in the same tissue section. In contrast, in the case of high miR-153 expression, there was weak SNAI1 protein expression. Quantitative data showed that the expression of SNAI1 in tumors with high miR-153 expression was significantly lower than that in tumors with low miR-153 expression.\
**Note:** Scale bar: 100 μm.\
**Abbreviations:** IHC, immunohistochemistry; miR-153, microRNA-153.](ott-8-357Fig4){#f4-ott-8-357}

![Western blot for SNAI1, E-cadherin, and vimentin.\
**Notes:** MKN-45 cells that were transfected with an miR-153 control and miR-153, respectively, were subjected to western blot for SNAI1, E-cadherin, and vimentin. Representative western blot showed that upregulation of miR-153 obviously increased protein expression of E-cadherin and reduced SNAI1 and vimentin expression, in gastric cancer cells. SGC-7901 cells that were transfected with miR-153 inhibitor (anti-miR-153) and negative control, respectively, were subjected to western blot for SNAI1, E-cadherin, and vimentin. Representative western blot showed that downregulation of miR-153 obviously decreased protein expression of E-cadherin and increased SNAI1 and vimentin expression, in gastric cancer cells.\
**Abbreviations:** miR-153, microRNA-153; NC, negative control.](ott-8-357Fig5){#f5-ott-8-357}

###### 

Clinical correlation of miR-153 expression in gastric cancer

  Clinicopathologic features   Total number of patients, n=80   Number of patients   *P*   
  ---------------------------- -------------------------------- -------------------- ----- -------------------------------------------------
  Age (year)                                                                               
   \<65                        43                               23                   20    0.501
   ≥65                         37                               17                   20    
  Sex                                                                                      
   Male                        53                               28                   25    0.478
   Female                      27                               12                   15    
  Histology                                                                                
   Well, moderate              40                               16                   24    0.074
   Poor, signet                40                               24                   16    
  Size (cm)                                                                                
   \<5                         35                               15                   20    0.260
   ≥5                          45                               25                   20    
  Depth                                                                                    
   T~1~                        17                               4                    13    0.014[\*](#tfn1-ott-8-357){ref-type="table-fn"}
   T~2~--T~4~                  63                               36                   27    
  Lymph node metastasis                                                                    
   Absent                      28                               8                    20    0.005[\*](#tfn1-ott-8-357){ref-type="table-fn"}
   Present                     52                               32                   20    
  Lymphatic invasion                                                                       
   Absent                      23                               8                    15    0.084
   Present                     57                               32                   25    
  Venous infiltration                                                                      
   Absent                      57                               23                   34    0.007[\*](#tfn1-ott-8-357){ref-type="table-fn"}
   Present                     23                               17                   6     
  Stage                                                                                    
   I, II                       41                               13                   28    0.001[\*](#tfn1-ott-8-357){ref-type="table-fn"}
   III, IV                     39                               27                   12    

**Note:**

Statistically significant.

**Abbreviation:** miR-153, microRNA-153.

###### 

Multivariate Cox regression analysis of 5-year overall and disease-free survival, in 80 gastric cancer patients

  Variables               Overall survival   Disease-free survival                                                                            
  ----------------------- ------------------ ----------------------- ------------------------------------------------- ------- -------------- -------------------------------------------------
  Depth                   2.113              0.888--5.030            0.091                                             1.670   0.787--3.545   0.182
  Lymph node metastasis   0.749              0.339--1.652            0.474                                             1.031   0.492--2.162   0.936
  Venous infiltration     1.539              0.722--3.284            0.264                                             1.892   0.940--3.808   0.074
  Stage                   3.576              1.251--10.211           0.017[\*](#tfn3-ott-8-357){ref-type="table-fn"}   3.532   1.266--9.858   0.016[\*](#tfn3-ott-8-357){ref-type="table-fn"}
  miR-153 expression      0.253              0.081--0.790            0.018[\*](#tfn3-ott-8-357){ref-type="table-fn"}   0.228   0.078--0.666   0.007[\*](#tfn3-ott-8-357){ref-type="table-fn"}

**Note:**

Statistically significant.

**Abbreviation:** CI, confidence intervals; HR, hazard ratios; miR-153, microRNA-153.
